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These findings, and similar significant falls in epicardial in-plane rotation (P < 0.05) and angular translation (P < O.OOl), suggest that the main mechanical effect of the coronary circulation is homogeneous and uniform and is, therefore, probably associated with the microcirculation.
We propose that this effect may be modeled by treating the myocardium as a porous elastic medium swollen with an incompressible fluid rather than by an increase in ventricular wall thickness due to filling of the coronary vessels. erectile effect; epicardial deformation; isolated arrested heart; coronary blood flow BECAUSE END-DIASTOLIC SARCOMERE lengths influence systolic function by the Frank-Starling mechanism, there has been continuing interest in factors that affect the mechanical properties of the diastolic left ventricle (9-11). The suggestion that changes of pressure and flow in the coronary vessels alter the passive properties of the left ventricle (10) has been studied by many workers (1, 6, 20, 25, 27, 30) . Cross et al. (6) and Salisbury et al. (25) reported a reduction in diastolic left ventricular distensibility with increased coronary artery pressure, and they concluded that this effect was associated with stiffening of the coronary vascular tree as the elastic vessels were filled. However, Templeton et al. (27) and Abel and Reis (1) were unable to reproduce this experimental result.
More recently Olsen et al. (20) , who measured pressure-dimension relationships in potassium-arrested dog hearts, confirmed that left ventricular compliance was significantly reduced by increasing perfusion pressure, independent of changes in coronary blood flow. Vogel and co-workers (30) found that, as well as an increase in ventricular compliance, there was a reduction in wall thickness and epicardial segment extension when coronary flow in isolated rabbit hearts was interrupted. However, their findings also indicated that myocardial blood flow was a more direct determinant of chamber compliance than perfusion pressure, and they concluded that the 'erectile' effect of coronary perfusion was attributable to changes in wall thickness due to vascular engorgement. The mechanisms by which changes in myocardial perfusion alter the filling behavior of the diastolic left ventricle therefore remain unclear. And the effects of perfusion on myocardial deformations have not been measured under experimental conditions that completely isolate mechanical from metabolic responses.
In previous studies, we have measured epicardial deformations in the isolated potassium-arrested dog heart preparation, which served as an experimental model of the passive left ventricle (15, 16) . This preparation is also ideal for studying the purely mechanical effects of coronary perfusion under well-defined loading conditions. The purpose of this study was to measure the effects of perfusion on the deformation of the passive left ventricular myocardium and to identify possible mechanisms of those effects. This is important because the great majority of uniaxial and biaxial tests of the material properties of resting cardiac muscle have used unperfused isolated tissue, which may not be an accurate reflection of the intact perfused myocardium.
METHODS
Seven mongrel dogs weighing 20-33 kg were pretreated with oral nifedipine (one lo-mg capsule every 12 h) in the 48 h before surgery to enhance myocardial preservation during ischemia (19). Anesthesia was induced with pentobarbital sodium (25 mg/kg iv) and maintained with halothane (1.5%) using positive-pressure ventilation. After thoracotomy, the aorta was occluded and the heart was arrested rapidly by injection of a 50-ml bolus of cold 10% potassium chloride solution into the left ventricle. The heart was excised and transferred to a bath of cool (1OOC) cardioplegic solution containing nifedipine (0.2 mg/l), and the atria and pulmonary outflow tract were removed. Hypothermia was maintained while the heart was mounted on a special cannula assembly (15). The left ventricular outflow tract was blocked by the aortic cannula through which the coronary circulation could be perfused, and another cannula sealed the mitral valve to enable the ventricle to be filled from a fluid loading column. The coronary circulation was then flushed with the cool cardioplegic solution and the right ventricle vented at the apex to prevent the accumulation of coronary effluent. Three markers, each consisting of two fine silk threads sutured in a small cross to the superficial epicardium, were positioned 13-23 mm apart on the midanterior wall to form an upright equilateral triangle. The markers were not usually placed adjacent major coronary vessels, but in one heart (experiment 5), a diagonal branch of the left anterior descending coronary artery crossed the marker triplet. The positions of the markers in relation to the epicardial vessels were traced from the video images used to measure wall motion and are Fig. 1 . The heart was transferred from the hypothermic bath in which it was prepared to our biplane video recording system that we have described previously (15). The pressure drop through the perfusion line and cannula had been calibrated for flow rates in the range 10-100 ml/min.
Perfusion pressure at the level of the coronary ostia could be set accurately to between 75 and 95 mmHg by adjusting the height of the perfusate reservoir between 60 and 140 cm above the heart. During perfusion, the cardioplegic perfusate, which contained 4% dextran, was recirculated using a roller pump to maintain a constant head in the reservoir. The video camera positions, left ventricular pressure and volume change, and coronary flow rate were continuously monitored by a microcomputer, which saved the data on operator command and simultaneously switched the camera inputs to a video cassette recorder so that sequential biplane views of the heart were recorded (15).
The coronary circulation was perfused for 1 min with the room temperature cardioplegic solution. The left ventricle was then loaded to a pressure of 30-40 mmHg (4.0-5.3 kPa) and unloaded after any surplus fluid had been squeezed from the vascular bed. This was done to minimize possible effects of redistribution or loss of coronary perfusate in the ventricular wall on the filling behavior of the unperfused left ventricle. The duration of hypothermia, from arrest to room temperature perfusion, ranged from 30 to 42 min.
For five hearts, loading cycles were performed before, during, and after perfusion with room temperature cardioplegic solution. In each cycle, the motion of the epicardial markers was recorded for 20-30 static pressure loads obtained by raising the loading column to increase ventricular volume in increments of l-2 ml. A final recording was made after the column had been returned to the datum level as a check for leakage and stability. After the first loading cycle, perfusion was started at a pressure of 75-95 mmHg. A period of 30-50 s was allowed for the flow to reach steady state. At the onset of perfusion, a small volume of fluid was displaced from the unloaded left ventricle into the loading column; this was recorded and removed before filling commenced. The total interval of perfusion during the second recording cycle lasted from 4 to 6 min. Surplus perfusate was again squeezed from the coronary vasculature, and a third loading cycle was performed without perfusion. After recording, the heart was fixed at zero ventricular pressure with 3% Formalin, and the left ventricular cavity was cast with silicon rubber so that an absolute measure of the unloaded volume could be obtained. The duration of each recording session, from initial perfusion to fixation, was always ~22 min, and the total time from arrest did not exceed 65 min.
The effect of changes in coronary perfusion pressure on the filling behavior of the passive left ventricle was studied in two other dog hearts. Left ventricular pressure and volume change and coronary flow rate were recorded for an initial loading cycle without perfusion, followed by two or three more cycles of lo-20 load steps, during which the heart was perfused at pressures of 40-80 mmHg. Before recording commenced, coronary flow was allowed to reach steady state, and the volume initially displaced from the ventricle was recorded. At the end of each cycle, perfusion was stopped and the ventricle was again loaded to a pressure of 30-40 mmHg (4.0-5.3 kPa) and unloaded. The total duration of perfusion was 511 min, and each recording session lasted no more than 20 min. The three-dimensional coordinates of the epicardial markers were reconstructed in duplicate from the video recording and analyzed using homogeneous strain theory to obtain a complete description of the local deformation gradients at each load. By polar decomposition, the deformation gradient tensor was separated into rotation and stretch tensors, from which we obtained the epicardial in-plane rotation (clockwise positive), the principal extensions, AI and AII, and the principal angle, as described earlier (15). The angular displacement of the centroid of the marker triangle about the aortic axis was also computed; viewing from the fixed base, a positive value describes a counter-clockwise angular translation.
The data before and after perfusion were referred to the undeformed state at which the pressure in the unperfused ventricle was zero with respect to the level of the aortic valve; during perfusion, the reference state was the unloaded perfused ventricle. The results therefore indicate the effects of coronary perfusion on the way the left ventricular epicardium deforms during filling, not the deformations that are caused by perfusion. To compare results from different hearts at the same filling pressures, the deformations were calculated using marker coordinates interpolated from independently fitted least-square cubic functions of pressure. To determine whether the effects of coronary perfusion were statistically significant, two-way analysis of variance (where the blocks were the ventricular pressures) was used to partition the total variance in the data obtained before, during, and after perfusion. The means for each treatment group were compared using the method of orthogonal self-contrast coefficients described by Rodgers (24).
RESULTS
The characteristics of the five hearts for which epicardial deformations were analyzed and the times taken to complete the experimental procedures are summarized in Table 1 . All recordings were finished within 65 min of arrest, and the longest period of perfusion was just over 6 min. The mean perfusate flow rates and the volumes displaced from the unloaded left ventricle at the onset of perfusion are shown in Table 2 . Coronary flow rates varied considerably between hearts, and differences in perfusion per gram of myocardium were even greater. The average volume displaced from the unloaded ventricle at the initiation of perfusion was 2.4 t 0.6 ml; this represents a leftward shift of the passive pressure-volume Sample size (n) was 5, and error bars show SE.
relation on the absolute ventricular volume axis. The mean ventricular volume changes before, during, and after perfusion, normalized with respect to the undeformed cast volume to minimize variations due to heart size, are plotted against filling pressure in Fig. 2 . There was a highly significant reduction in mean ventricular volume during coronary perfusion compared with that before perfusion (P < 0.001) and afterwards (P < 0.001).
There was also a small but significant loss of ventricular compliance after perfusion compared with the initial unperfused loading cycle (P c 0.05). To determine how the observed changes in the filling behavior of the passive left ventricle depended on coronary perfusion pressure, two other isolated hearts were subjected to static ventricular pressure loading while being perfused at various pressures. Figure 3 shows the pressure-volume curves for one of those hearts measured first without perfusion and then during perfusion at pressures of 80, 40, and 60 mmHg, consecutively. The graph shows a monotonic reduction in ventricular volume with increased perfusion pressure. The same behavior was observed in the other heart.
Notice that the filling pressure ranges from 0 to 32 mmHg, whereas in the other graphs the maximum pressure is 16 mmHg. This is because our apparatus was limited to a maximum cavity volume change of -50 ml, which occurred at a much lower pressure in the compliant unperfused ventricle. For filling pressures Cl6 mmHg, mean flow was relatively constant with a slight peak at -6 mmHg. This probably reflects a delay in the development of steady flow. When the ventricular pressure was raised further, the rate of coronary flow continued to fall presumably owing to compression of the coronary vessels. When the pressure was returned to zero, coronary flow recovered to 105.3 t 4.6% of the peak value in the time taken for the cavity volume to stabilize. The mean perfusate flow rates in the five hearts are
The mean distance between the epicardial markers shown as a function of ventricular pressure in Fig. 4 . was 16.9 t 2.2 mm in the undeformed (O-pressure) state, and the measurement error in the reconstructed coordinates ranged from 0.03 to 0.07 mm. This is equivalent to an absolute error in the derived percentage segment extensions of 0.2 to 0.6%. The results of the deformation analysis were compared at the same filling pressure by first interpolating the marker coordinates from cubic polynomials fitted as functions of pressure. The standard deviations of the data about the fitted curves ranged from 0.08 to 0.21 mm, equivalent to absolute errors in the derived epicardial extensions of 0.7 to 1.8%. A more detailed discussion of the accuracy of the biplane video measurements is given in McCulloch et al. (15) .
Mean epicardial deformations measured before, during, and after perfusion of the five hearts are shown in Table 3 . Standard deviations are included, and the P values in Table 4 indicate the probability that differences between the data for the perfused and unperfused heart are random. As shown in Figure 5 , there were highly significant reductions in the principal epicardial extensions compared with those before perfusion (P < 0.001) and afterwards (P < 0.001). Both the major stretch 111 and the minor stretch Aii decreased with perfusion by a mean of 37-38 t 4%; therefore, the degree of nonuniformity of epicardial stretch was unchanged. There were no significant changes in the principal angle during perfusion. Although the principal directions were variable, they were similar to our earlier findings in the unperfused heart. For left ventricular pressures between 4 and 16 mmHg, mean principal angle of maximum epicardial stretch ranged from -28 t 31" to -7 t 56" (for perfused and unperfused runs) compared with -22 t 32 to -52 t 46" that we reported previously in the unperfused heart for the same region of the wall (16). The rather large variability in this measure found in both studies reflects the relative uniformity of the epicardial strain. In each study, the ratio of major to minor percent stretch was between 1.5 and 2. In the limit of a completely uniform (equibiaxial) extension when this ratio becomes 1.0, the principal angle is undefined. Consequently the computation of eigenvectors from deformations that are Table 3 . Epicardial deformations before, during, and after in five isolated buffer-perfused canine hearts relatively uniform and contain measurement error can be ill-conditioned, thus amplifying the variability in the computed principal angles. Nevertheless, the mean principal angle is a very useful physiological measure provided it is interpreted with appropriate caution.
The epicardial in-plane rotation, which is plotted in Fig. 6 , fell with perfusion by an overall mean of 37 t 6% during perfusion (P < 0.001). Similarly, the angular translation (Fig. 7) decreased by 46 t 6% overall (P < 0.001). But the directions of the rotation and torsion and the nature of their variations with ventricular pressure were unaltered. Under ventricular loading, the epicardial in-plane rotation was still counter-clockwise during perfusion. Viewing from the fixed base, the angular translation of the marker centroid about the ventricular axis was still counter-clockwise (corresponding to a lefthanded torsion during loading). At the onset of perfusion, there was a small but consistent right-handed torsion of the unloaded heart; the angular displacement of the marker centroid from the unperfused state averaged -0.9 t 2.1" (i.e., clockwise).
DISCUSSION
The extent to which alterations in coronary artery pressure and the state of filling of the coronary vascular tree affect the mechanical properties of the diastolic left ventricle has usually been studied by measuring changes in the relationship between filling pressure and either ventricular volume (1,27) or gross ventricular dimension (7, 8, 20) . In this study, the effects of perfusion on epicardial deformations were investigated using an isolated heart model of the passive left ventricle. The results showed that coronary perfusion significantly reduces the compliance of the left ventricular chamber. This stiffening was almost fully reversible, although there were small but significant irreversible changes in the pressurevolume and pressure-strain curves; these changes may reflect edema formation and cell swelling resulting from reperfusion. Coronary flow tended to be relatively con- Values are means t SD; n = 4 hearts for pressure = 16 mmHg. A,, major epicardial stretch ratio. A 11, minor epicardial stretch ratio. stant in the range of filling pressures for which epicardial deformations were measured. The coronary circulation in our ischemic preparation was probably maximally vasodilated. But steepening of the left ventricular filling curve was directly related to increased coronary artery pressure.
Compared with the unperfused state, coronary perfusion at physiological pressures significantly reduced principal epicardial extensions, epicardial rotation, and angular translation by proportionately similar amounts, at all levels of ventricular filling pressure. However, neither the orientation of the principal axes nor the nonuniformity of the epicardial stretches was significantly altered. Therefore, although the magnitudes of epicardial deformations were reduced by coronary perfusion, the characteristic patterns of deformation (15, 16) were preserved. This suggests that the mechanical effects of perfusion are uniform and probably associated with the microvascular circulation or the interstitium rather than the large coronary vessels.
The changes in deformation with perfusion observed in the present study are limited to the epicardium. It would be desirable to obtain measurements of transmural distributions of three-dimensional strain in the perfused passive heart using a technique such as biplane radiography of metal implants (29). Nevertheless, the twodimensional epicardial data presented here are still useful, particularly in conjunction with suitable thick-walled mechanical models. Using epicardial strains from the unperfused isolated arrested dog heart (16), they predicted transmural distributions of wall deformations that agree closely with the later three-dimensional measurements of Omens et al. (21) in the isolated arrested dog heart. This is because the major determinants of the nonuniform wall strain distributions in the H528 MECHANICAL EFFECTS OF PERFUSION equatorial free wall of the passive left ventricle are the incompressibility of the tissue and the left-handed torsional shear, which arises from the fibrous anisotropy of the myocardium and can be measured on the epicardium. Consequently, endocardial longitudinal and circumferential extensions both increase in magnitude from epicardium to endocardium due to incompressibility, but owing to the torsion, extensions resolved in the local fiber direction are quite uniform across the wall (21). If these observations also apply to the perfused preparation, we would expect to see higher principal extensions at the endocardium but no significant change in the principal angle.
Although the changes in diastolic ventricular compliance that occur with perfusion are well known, their mechanisms are unclear. The effect of reduced left ventricular diastolic compliance seen here with increased coronary perfusion pressure was first clearly described thirty years ago by Salisbury et al. (25) . They observed that left ventricular end-diastolic pressure in five isovolumically contracting canine hearts increased from a mean of 11 mmHg at a coronary artery pressure of 36 mmHg to a mean of 24 mmHg at 136 mmHg perfusion pressure. The results from our study in the potassiumarrested buffer-perfused heart agree closely with these original findings. Although Salisbury and co-workers (25) did not measure the left ventricular pressure-volume relationship directly, they concluded that increased coronary perfusion pressure caused a decrease in ventricular compliance by increasing coronary vascular volume and passively distending the elastic coronary artery tree, which then restrained the ventricular myocardium (an 'erectile' effect).
Using ultrasonic crystals in the potassium-arrested canine heart perfused with oxygenated whole blood, Olsen et al. (20) measured a significant steepening in the relation between left ventricular pressure and minor-axis dimension when coronary artery pressures were increased from 40 to 80 and 120 mmHg. However, although adenosine increased myocardial blood flow by up to l47%, it produced no significant change in the left ventricular pressure-dimension relationships at the same perfusion pressure. Therefore, these investigators concurred with Salisbury and co-workers on the mechanism and significance of the effect, but they added that coronary perfusion pressure and not flow was the most direct determinant of left ventricular diastolic properties. The myocardial perfusate flow rate measured in our study was more typical of a maximally vasodilated dog heart (mean, 2.7 ml. min-' . g-') than the adenosine-treated group of Olsen et al. (20) , which had a mean myocardial blood flow of only 0.97 ml. min-' l g-l possibly due to edema.
An important determinant of global ventricular compliance is wall thickness (9-11). Because Morgenstern et al. (17) reported that increasing coronary perfusion pressure from 70 to 170 mmHg increased intracoronary volume from a mean 11.0 to 17.8 ml/l00 g heart wt, other workers have concluded that the principal mechanism of ventricular stiffening during perfusion is thickening of the ventricular wall, although they disagree on whether coronary pressure (7, 8) or flow (30) is the main determinant of wall thickness. Gaasch et al. (8) showed that when coronary artery pressure was decreased from 100 mmHg to 0 for 5 min in isovolumic dog hearts, enddiastolic wall thickness decreased significantly from a mean of 9.9 to 9.2 mm, and left ventricular diastolic pressure fell -24% from a mean of 5.5 mmHg. And Gaasch and Bernard (7) found that left ventricular enddiastolic wall thickness measured on the anterior free wall by an echocardiographic method increased from a mean of 8.1 mm after 5 min ischemia to 10.2 mm during reactive hyperemia after 1 min reperfusion.
In the present study, wall thickness was not measured and the only indication we obtained of the change in wall volume due to perfusion came indirectly from observation of the volume displaced from the unloaded left ventricle at the onset of perfusion.
The mean volume displaced corresponded to 6.7% of the mean cavity volume, which implies a small reduction of endocardial dimension by 2.3% (assuming a spherical model) to 3.4% (assuming a cylindrical model). At the onset of coronary perfusion, we also consistently observed a small right-handed torsion about the long axis of the ventricle by approximately one degree. This is consistent with the reduction of the lefthanded torsion during filling seen in the perfused heart.
The principal difficulty in determining the purely mechanical effects of coronary perfusion on diastolic ventricular properties is to separate these effects from the metabolic changes associated with altered coronary blood flow. In this study, we have used an isolated potassiumarrested buffer-perfused preparation that has been used to study the mechanical properties of the passive ventricular myocardium (15, 16 and wall thickness together with coronary flow rate in normoxic, hypoxic, and ischemic isolated rabbit hearts and found that there was a substantial erectile effect of coronary perfusion independent of changes in oxygenation. Bouchard et al. (5) found no significant changes in ATP, creatine phosphate, or inorganic phosphate levels in normal and cardiomyopathic hamster hearts freeze-clamped 10 s after coronary perfusion pressure had been decreased from 140 to 0 cmH20. Total wall volume decreased acutely by 21% in the normal hearts and by 15% in the cardiomyopathic hearts after the reduction in perfusion pressure.
Some investigators have not seen alterations in ventricular diastolic compliance with changes in coronary perfusion (1, 22, 26, 27) . In 18 isovolumically contracting canine hearts, Abel and Reis (1) found no change in left ventricular end-diastolic pressure when coronary artery pressure was increased from 75 to 150 mmHg. In our study, maximum coronary perfusion pressures were Cl00 mmHg. The erectile effect may therefore be less significant at higher coronary pressures. Templeton et al. (27) and Spadaro et al. (26) also reported no change in the left ventricular end-diastolic pressure-volume relation of the isovolumically contracting dog heart after alterations in coronary artery pressure and flow. However, the maximum end-diastolic pressures in these studies were only -6 mmHg. And Spadaro et al. (26) end-diastolic pressure fell acutely from 19 t 3 to 12 t 2 mmHg (P < 0.05) with global ischemia and did not show an increase over control until 60 min. Wall thickness also decreased acutely from 17.1 * 1.6 to 16.4 t 1.6 mm. In contrast, perfusion at the control pressure with a hypoxic red cell solution led to a significant increase in end-diastolic pressure at higher ventricular volumes, with a large proportion of this change being due to the erectile effect associated with hypoxia-induced vasodilation (28). The results of this study suggest that the effects of coronary perfusion cannot be neglected in an accurate continuum mechanics model of the passive left ventricle. Yet most modern models of passive ventricular mechanics are based on uniaxial or biaxial stress-strain relationships measured in unperfused isolated myocardium (33). Kitabatake and Suga (14) did measure the uniaxial stress-strain behavior of the intact right ventricular papillary muscle in the isolated blood-perfused canine heart. They found that the exponential coefficient of the enddiastolic length-tension relation showed a positive correlation with coronary perfusion pressure increasing from -13 at 75 mmHg coronary artery pressure to -21 at 125 mmHg. But simply adjusting the material parameters of a ventricular model to reflect the stiffening effects of increased perfusion pressure will provide no insight into the mechanism of altered ventricular compliance. Therefore, we conclude by examining possible approaches to modeling the effects of perfusion on passive ventricular mechanics. Several approaches for modeling the mechanical behavior of perfused tissues are possible. Bogen (3, 4) has proposed biphasic elastic models of soft tissues swollen by an incompressible fluid residing in one or more fluid compartments.
He showed that for a finite extension of a swollen material with nonlinear solid properties, the uniaxial stiffness was increased by swelling. When there were two fluid compartments, the stiffness was increased by a volume imbalance between the compartments. Changes in fluid pressure in the swollen material were caused by deformation.
The fluid pressure was decreased in uniaxial tension and increased in compression. This approach may be particularly useful for understanding the decreased diastolic compliance of the left ventricle associated with myocardial edema. (21) Whether it is able to predict the effects of altered coronary perfusion pressure observed in our study remains to be seen. However, since the time constant for capillary fluid transport is extremely small, we cannot exclude the possibility that our experimental observations were associated with reversible changes in the pressure or volume of the interstitial fluid. This approach is most closely related to the mechanism proposed by Salisbury et al. (25) that has become known as the "garden hose effect" (2). However, it should be noted that this type of model will only give rise to increased ventricular stiffness with increased perfusion pressure if the material is nonlinear.
Then, as perfusion pressure is increased, the stress in the wall increases so that the ventricular myocardium is operating on a steeper part of its nonlinear stress-strain curve. Alternatively, if the garden hose is linearly elastic, then its stiffness in tension will be independent of the pressure in the tube.
In Bogen's models (3,4), the fluid that swells the tissue is static and the mechanical properties of the swollen material remain elastic. Biphasic models have also been proposed for hydrated soft tissues in which the flow of the fluid is the important influence. In a biphasic model of articular cartilage advanced by Mow et al. (18) , the flow of synovial fluid imparts a viscous drag to the porous elastic solid phase. However, in this type of model it is the time-dependent viscoelastic properties of the soft tissue that are affected principally by the presence of fluid. In the present study, we observed static alterations in ventricular compliance consistent with changes in myocardial elasticity. On the other hand, fluid flow in a porous medium may be a useful model for microvascular blood flow. Recently, Huyghe et al. (13) showed how low Reynold's number (viscous) flow in a branching network of rigid vessels could be transformed into a continuum description and modeled using mixture theory.
A consequence of increased coronary perfusion pressure would appear to be an increase in ventricular wall thickness associated with increased myocardial blood volume (7, 8, 17, 30) .
Whether this is sufficient to explain fully the decreased diastolic compliance can be examined with the use of a continuum mechanics model. Even simple models of diastolic mechanics, which cannot predict the complex pattern of epicardial strains observed here, are able to reproduce the passive pressure-volume relation with reasonable accuracy (32). For example, using a simple model based on the equilibrium of a spherical membrane, Glantz (10) shows that even a 20% increase in wall thickness with no change in material properties is not sufficient to decrease the diastolic ventricular compliance by as much as we have observed in this study. In more realistic, thick-walled models (12,32) based on finite deformation elasticity, the effect of changes in wall thickness will depend on the choice of material properties and ventricular geometry and on whether the endocardial or epicardial dimension is changed. However, it is unlikely that the large effect of coronary perfusion on passive ventricular compliance
